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Giant Strains in Non-Textured (Bi1/2Na1/2)TiO3-Based Lead-Free
Ceramics
Abstract
Recent intense research on lead-free piezoceramics has led to the discovery of many oxide ceramics with
excellent properties.[1-4] Among reported solid solution families, the bismuth-alkali titanate-based system
develops the largest strain under applied electric field (0.45%–0.48%),[5-7] making it a promising material for
applications in actuators.[8, 9] However, high electric fields are required in this system, resulting in a low d33*
(the large-signal piezoelectric coefficient). Values of d33* greater than 1000 pm V−1 were reported in barium
titanate- and alkali-niobate-based families, but the achievable electrostrain is quite low (often below
0.3%).[10-12] Single crystals possess remarkable values for both d33* and electrostrain,[13, 14] the
difficulties in fabrication and associated high cost have yet to be overcome for production in quantity. In this
Communication, we report giant electrostrain (0.70%) and d33* (1400 pm V−1) in a non-textured lead-free
polycrystalline ceramic. These excellent properties are attributed to electric-field-induced phase transitions,
according to in situ transmission electron microscopy (TEM) examinations. The results are directly beneficial
to next-generation actuators, and may also shed light on the development of deformable structural ceramics.
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Recent intense research on lead-free piezoceramics has led to the discovery of many 
oxide ceramics with excellent properties.[1-4] Among reported solid solution families, the 
bismuth-alkali titanate-based system develops the largest strain under applied electric field 
(0.45~0.48%),[5-7] making it a promising material for applications in actuators.[8,9] However, 
high electric fields are required in this system, resulting in a low d33* (the large-signal 
piezoelectric coefficient). Values of d33* greater than 1000 pm V
-1 were reported in barium 
titanate- and alkali-niobate-based families, but the achievable electrostrain is quite low (often 
below 0.3%).[10-12] Single crystals possess remarkable values for both d33* and 
electrostrain,[13,14] the difficulties in fabrication and associated high cost have yet to be 
overcome for production in quantity. In this Communication we report giant electrostrain 
(0.70%) and d33* (1400 pm V
-1) in a non-textured lead-free polycrystalline ceramic. These 
excellent properties are attributed to electric-field-induced phase transitions, according to in-
situ transmission electron microscopy examinations. The results are directly beneficial to 
next-generation actuators, and may also shed light on the development of deformable 
structural ceramics. 
To clearly compare actuation properties of bulk lead-free oxides, data from previous 
literature was compiled in a strain vs. d33* plot, shown in Figure 1. Lead-containing 
This is the accepted version of the following article: Giant strains in 
non-textured (Bi1/2Na1/2)TiO3-based lead-free ceramics (with X.M. 
Liu), Advanced Materials, published online, 2015. DOI: 10.1002/
adma.201503768. , which has been published in final form at http://
dx.doi.org/10.1002/adma.201503768.
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ferroelectric ceramics are also included as reference. It is clear that single crystals in the 
bismuth-alkali titanate family stand out for both large electrostrain and high d33*. Our 
polycrystalline ceramic with randomly oriented grains is even better than some single crystals 
in terms of these properties.  
The ceramic, with a nominal composition of [Bi1/2(Na0.84K0.16)1/2]0.96Sr0.04(Ti1-
xNbx)O3 (x = 0.025, abbreviated as BNT-2.5Nb), was fabricated using the solid state reaction 
method with pressureless sintering. This composition series was initially reported by Malik et 
al. [6] with a maximum electrostrain of 0.44% and d33* of 876 pm V
-1. We fabricated five 
compositions in this system (Figures S1, S2, S3 in Supplementary Information) and found the 
properties depended strongly on processing conditions. Since the composition is complex 
with six cations, two calcinations were carried out to ensure composition homogeneity. In 
addition, we noticed that a larger grain size seemed to be essential for large electrostrains; 
hence a higher sintering temperature and a longer time than the original report[6] were used.  
The electric field-induced polarization and strain for a series of temperatures and 
bipolar cycles are displayed in Figure 2 for the BNT-2.5Nb ceramic processed under the 
optimized sintering condition. At room temperature (25 oC) under bipolar fields of 50 kV 
cm-1, a pinched polarization hysteresis loop was seen (Figure 2a). The corresponding current 
density vs electric field curve is displayed in Figure S3c. The results seem to suggest the 
occurrence of phase transitions during polarization reversal.[8,15] A highly asymmetric sprout-
shaped strain loop (Figure 2b) was observed (Asymmetric strain loops were also seen at lower 
peak fields). The larger strain lobe displayed an extremely large value of 0.70% at 50 kV cm-
1. This value is ~50% higher than the best electrostrains in textured and non-textured 
polycrystalline ceramics reported previously and corresponds to a d33* of 1400 pm V
-1. At 50 
oC, the polarization at peak field reduces to 24 μC cm-2 from 38 μC cm-2 (the room 
temperature value), while the remanent polarization and coercive field decrease more 
significantly. Also while at 50 ˚C, the hysteresis is much reduced and the electrostrain 
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decreases to 0.59%. The hysteresis in polarization and strain is further reduced upon a 
temperature increase to 75 and 100 oC, but their values at peak field remain almost 
unchanged.  
The electric fatigue resistance of BNT-2.5Nb was also evaluated at room temperature. 
As shown in Figure 2c and 2d, the polarization and strain at peak field degrade gradually upon 
bipolar cycling. It is noticed that bipolar cycling seems to remove the distortions on the 
polarization loops; this trend is consistent with our previous study on a similar 
composition.[16] After 100 cycles, the strain at peak field displays a 17% reduction, indicating 
some resistance to electric fatigue of the ceramic. It should be pointed out that the ceramic 
pellet still retained its physical integrity after 100 cycles of deformation with strains higher 
than 0.58%. This is remarkable considering the fact that most polycrystalline ceramics are 
highly brittle and prone to fracture. Future investigations on strain accommodation at grain 
boundaries in BNT-2.5Nb should be of interest to the development of fracture-resistant 
deformable structural ceramics.[17]  
The highly asymmetric appearance of the strain loops shown in Figure 2b and 2d is 
likely due to the presence of a strong internal bias in the sintered ceramic.[18] A piece of 
supportive information is that the ceramic contains volatile cations and was sintered at a high 
temperature for a prolonged time. A considerable amount of charged point defects are 
expected to form due to the loss of cations to evaporation. As a consequence, asymmetric 
strain loops appear to be a common feature in lead-free oxides.[19,20] Low temperature 
processing seems to be able to obtain lead-free ceramics with symmetric polarization and 
strain loops.[21]      
The dielectric properties (Figure S2 in Supplementary Information), room temperature 
polarization and strain loops (Figure S3 in Supplementary Information) of the composition 
series are suggestive of a relaxor behavior of the ceramic series. The BNT-2.5Nb ceramic at 
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room temperature appears to display both ergodic and non-ergodic relaxor behaviors[22] and 
the observed giant electrostrain could be a result of electric field-induced phase transitions.  
To verify this, the microstructure of the BNT-2.5Nb ceramic was examined. 
Scanning electron microscope images of the as-sintered ceramic surface reveal a grain 
morphology that suggests a high density (Figure 3a). The average grain size was determined 
to be 1.9 μm with the linear intercept method. X-ray diffraction analysis (Figure 3b) indicates 
that the ceramic has a perovskite structure and the presence of a small shoulder to the left of 
the (200) peak, a sign for tetragonal distortion. The crystal structure of the ceramic was 
further analyzed in detail with electron diffraction through a large range of tilt angles in 
transmission electron microscopy (TEM). A representative grain was examined along its 
[110], [111], [112] and [001] zone-axes and bright field TEM images along the [111] and 
[112] zone-axes are shown in Figure 3c and 3d, respectively. It is evident that the whole grain 
is occupied by nanometer-sized domains, supporting the macroscopic relaxor behavior. The 
subtle deviation of the crystal symmetry from the ideal perovskite structure can be readily 
revealed by the presence of superlattice spots in selected area electron diffraction patterns.[23] 
It is noted that ½{ooe}-type (o and e stand for odd and even Miller indices, respectively) 
superlattice diffraction spots, highlighted by bright arrows, appear in the [111], [112] and 
[001] zone-axis patterns (Figure 3f, 3g, 3h); while ½{ooo}-type superlattice spots, marked by 
bright circles, are present in [110] and [112] patterns (Figure 3e and 3g). According to our 
previous analysis on solid solution ceramics in the same family,[24,25] it is concluded that the 
ceramic BNT-2.5Nb is a mixture of rhombohedral R3c and tetragonal P4bm phases, both in 
the form of nanometer-sized polar domains. The existence of the P4bm phase corroborates the 
X-ray diffraction analysis on bulk samples and is also consistent with previous literature.[26] 
However, it should be pointed out that the structure of (Bi1/2Na1/2)TiO3-based ceramics is 
quite complex. A cubic-like state with a long range modulated octahedral tilt is also 
proposed.[27,28]    
     
5 
Further, in-situ TEM was employed to verify the electric field-induced relaxor to 
ferroelectric phase transition in the BNT-2.5Nb ceramic. The field application sequence 
during the in-situ TEM test is illustrated on the strain curve under unipolar electric fields on a 
bulk ceramic pellet (Figure 4a) to demonstrate the microstructure-property relationship. It is 
noted that the electrostrain under unipolar fields is 0.65% in this ceramic, corresponding to a 
d33* value of 1300 pm V
-1. Along the strain curve, several points are marked as Z0, Z1, Z2, Z3, 
Z4 and Z5, which approximately correspond to the conditions where electric field in-situ TEM 
observations were sequentially made. As detailed in our previous work,[29,30] the specimen for 
in-situ observation was specially prepared with two half-circle-shaped gold films as electrodes 
(Figure S4 in Supplementary Information). A representative grain along its <112> zone-axis 
is selected. In its virgin state, corresponding to Z0 on the strain curve shown in Figure 4a, the 
grain displays nanometer-sized domains (Figure 4b). In the corresponding electron diffraction 
pattern shown in Figure 4h, the presence of both ½{ooo} and ½{ooe} superlattice spots again 
manifest the co-existence of the R3c and P4bm phases.  
When an electric field was applied along the marked direction shown in Figure 4c, at a 
level roughly corresponding to point Z1, a jump of polarization and electrostrain takes place; 
the nanometer-sized domains in the interior of the grain transform into lamellar domains. 
When the maximum field during the in-situ experiment is reached, corresponding to point Z2 
on the strain curve, large lamellar domains consume the entire grain (Figure 4d). In the 
corresponding electron diffraction pattern (Figure 4i), the ½{ooo} superlattice spots are 
significantly strengthened while the ½{ooe} superlattice spots completely disappear. This 
indicates a transition from mixed R3c and P4bm phases with nanometer-sized domains to a 
single rhombohedral R3c phase with micrometer-sized domains,[31] an electric field-induced 
relaxor to ferroelectric phase transition. Assisted with the [112] stereographic projection map, 
the walls of these lamellar domains are determined to be on the inclined {01̅1} 
crystallographic plane. Therefore, they are likely to be 71o domains.  
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At point Z3 during unloading of the electric field, nanometer-sized domains return to a 
major portion of the grain and lamellar domains are primarily seen in the central portion 
(Figure 4e). At point Z4 where the applied electric field returns to 0 kV cm
-1, most of the grain 
is occupied by nanometer-sized domains (Figure 4f). Meanwhile, the ½{ooe} superlattice 
spots reappear in the electron diffraction pattern. This indicates that the electric field-induced 
phase transition is reversible[32] in most of the grain. The residual lamellar domains in the 
center of the grain are quite stable, remaining there even after four days (Z5, Figure 4g). The 
remaining R3c lamellar domains at zero field correlate very well with the small remanent 
polarization and strain observed in bulk samples. The in-situ experimental results shown in 
Figure 4 are reproducible, as exemplified by the observation on another grain in the same 
specimen (Figure S5 in Supplementary Information).  
The combined property measurement and microstructure investigation suggests that 
the BNT-2.5Nb ceramic, in its virgin state at room temperature, is primarily an ergodic 
relaxor with weak non-ergodic behavior.[22] The volume fraction of the non-ergodic phase can 
be approximated to be the fraction of the residue lamellar domains in the grain shown in 
Figure 4e. A simple calculation indicates an amount of ~2 vol.%. The ceramic, hence, appears 
to belong to the class of so-called incipient piezoelectric materials where large electrostrains 
are mainly from reversible electric field-induced phase transitions.[8,22] The minor irreversible 
portion, manifested by the residual R3c lamellar domains in the BNT-2.5Nb ceramic, is 
important to reducing the critical field for the phase transition. Specifically, such a 
ferroelectric core with a relaxor shell grain structure (Figure 4f and 4g) is exactly what had 
been sought after in previous studies with intentional composition heterogeneity.[33,34] It 
should be pointed out that the BNT-2.5Nb ceramic reported here is presumably homogeneous 
in composition across the grain. The residual ferroelectric R3c lamellar domains in the center 
of the grain act as the seed during the relaxor to ferroelectric phase transition under applied 
field. Skipping the nucleation stage considerably facilitates the phase transition and 
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effectively reduces the critical field. Together with the large electrostrain resulting from the 
reversible phase transition, an exceptionally high d33* property is achieved. Apparently, the 
internal bias field from extensive charged point defects seems to play a synergistic role in 
producing a large electrostrain.[35]  
In summary, giant electrostrains (up to 0.70%) and d33* (up to 1400 pm V
-1) with good 
temperature stability and fatigue resistance are observed in a non-textured polycrystalline 
(Bi1/2Na1/2)TiO3-based ceramic, which is fabricated with simple and low-cost pressureless 
sintering. These property values are even comparable to some of the best performing lead-free 
ferroelectric single crystals. In support of the electrical measurements, the electric field in-situ 
TEM study reveals that such a high strain is originated from phase transitions between the 
ergodic relaxor phases in the form of mixed R3c and P4bm nanometer-sized domains and the 
ferroelectric R3c phase in the form of lamellar domains. The remanent ferroelectric R3c phase 
at zero field serves as the seed for the transition, significantly reducing the critical field and 
hence leading to an ultrahigh d33*. This discovery will stimulate further research on large-
strain lead-free oxides for actuators and also inspire exploration of fracture-resistant 
deformable ceramics for structural applications.  
 
 
Experimental Section  
 
Polycrystalline ceramics of [Bi1/2(Na0.84K0.16)1/2]0.96Sr0.04(Ti1-xNbx)O3 (x = 0.020, 
0.023, 0.025, 0.028, and 0.030) were fabricated via the solid state reaction method. Powders 
of Na2CO3 (≥99.9 wt.%), K2CO3 (≥99.0 wt.%), Bi2O3 (≥99.9 wt.%), TiO2 (≥99.99 wt.%), 
SrCO3 (≥99.99 wt.%), and Nb2O5 (≥99.99 wt.%) were used as starting raw materials. The 
powders were mixed in ethanol according to stoichiometry and milled for 7 hours on a 
vibratory mill. After drying the mixture was calcined twice at 850 oC for 3 hours, and then 
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sintered at 1175 oC for 3 hours. Two-step sintering was also experimented and similar large 
electrostrains were observed.  
Silver films were sputtered on the surfaces of ceramic pellets as electrodes before 
electrical measurements. Dielectric constant, εr, and loss tangent, tanδ, were measured with an 
LCR meter. The polarization hysteresis loops were recorded using a standardized ferroelectric 
test system at 4 Hz at room temperature with a peak field of 50 kV cm-1. The longitudinal 
strain developed under electric field in the form of a triangular wave of 100 mHz with the 
amplitude of 50 kV cm-1 was monitored by an MTI-2000 fotonic sensor. The electric fatigue 
experiment was conducted on bulk specimens at room temperature with bipolar electric fields 
of 50 kV cm-1 at 4 Hz.  
X-ray diffraction was performed to analyze the crystal structure and scanning electron 
microscopy was carried out to examine the surfaces of the as-sintered ceramic pellets. For the 
electric field in-situ TEM test, as-sintered ceramic pellets were mechanically ground and 
polished down to 120 μm thickness, and then ultrasonically cut into disks with a diameter of 3 
mm. After mechanical dimpling and polishing, the disks were annealed at 250 oC for 2 hours 
and Ar-ion milled to the point of electron transparency. In-situ TEM observations were 
carried out on a Phillips CM30 microscope operated at 200 kV. Detailed experimental setup 
can be found in Figure S4 in Supplementary Information and in our previous reports.[16,29-32] 
 
Supporting Information  
Supporting Information is available from the Wiley Online Library or from the author. 
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Figure 1. Comparison of lead-free solid solution families against their electrostrains and d33*. 
Lead-based ceramic oxides are also included for reference. The data are compiled from the 
open literature, including Refs. 5-7, 10-14.  
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Figure 1. Comparison of lead-free solid solution families against their electrostrains and d33*. 
Lead-based ceramic oxides are also included for reference. The data are compiled from the 
open literature, including Refs. 5-7, 10-14.  
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Figure 2. The polarization and strain developed under bipolar electric fields of 50 kV cm-1 in 
the BNT-2.5Nb polycrystalline ceramic. (a) and (b) at temperatures of 25, 50, 75, and 100 oC. 
(c) and (d) at a series of cycles of bipolar fields at 25 oC. Error bars for polarization and strain 
are of the order of the size of the symbols and not shown. 
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Figure 3. Structure examination of the BNT-2.5Nb ceramic. (a) scanning electron microscopy 
micrograph of the as-sintered pellet surface. (b) X-ray diffraction spectrum. (c) through (h) 
TEM analysis of a representative grain. Bright field images of the grain are displayed along 
the [111] zone-axis in (c) and along the [112] zone-axis in (d) under the same magnification. 
The selected area electron diffraction patterns were recorded from this grain under (e) [110], 
(f) [111], (g) [112], and (h) [001] zone-axes. The ½{ooo} and ½{ooe} superlattice diffraction 
spots are highlighted by bright circles and bright arrows, respectively. 
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Figure 4. Electric field-induced phase transition revealed by strain measurement and in-situ 
TEM observation. (a) The strain developed in the BNT-2.5Nb ceramic under unipolar fields. 
The points on the strain curve, Z0, Z1, Z2, Z3, Z4, and Z5, indicate the fields under which 
corresponding in situ TEM observations are recorded in sequence. Z0, Z4, and Z5 are 
overlapping at zero field, Z0 represents the virgin state, Z4 marks the condition where the 
applied field is just removed, while Z5 corresponds to the condition where the specimen is 
kept in the TEM chamber for four days at zero field. (b) through (g) in-situ TEM bright field 
micrographs of a representative grain oriented along the [112] zone-axis corresponding to 
conditions Z0 through Z5, respectively. The selected area electron diffraction patterns are 
displayed in (h) for the virgin state (Z0) and in (i) at the peak field (Z2). The positive direction 
of applied fields in the TEM experiment is indicated by the bright arrow in (c). The ½{ooo} 
and ½{ooe} superlattice diffraction spots are highlighted by bright circles and the bright 
arrow in (h) and (i) respectively.  
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Figure S1. Structure of the {[Bi1/2(Na0.84K0.16)1/2]0.96Sr0.04}(Ti1-xNbx)O3 ceramics fabricated in 
this study with x = 0.020, 0.023, 0.025, 0.028, and 0.030 (denoted as 100xNb). (a) X-ray 
diffraction analysis of ceramic series. The scanning electron microscopy micrograph of the 
2.0Nb ceramic is displayed in (b) while that of 3.0Nb is shown in (c). (d) bright field TEM image 
of the 2.0Nb ceramic with a grain aligned along its [112] zone-axis. (e) bright field TEM image 
of the 3.0Nb ceramic with a grain aligned along [112]. The selected area electron diffraction 
patterns are displayed as insets in (d) and (e) with bright circles and arrows indicating ½{ooo} 
and ½{ooe} superlattice diffraction spots, respectively.  
S2 
 
 
 
Figure S2. Dielectric constant (εr) and loss tangent (tan δ) with respect to temperature on 
representative compositions.  Measurements were taken at 1, 10, 100 kHz during heating of 
unpoled (a, c, e) and poled (b, d, f) ceramics. Poling was conducted at room temperature under a 
DC field of 50 kV/cm for 10 minutes. Error bars for εr and tanδ are smaller than the symbols and 
not shown.  
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(f) 3.0Nb poled
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(d) 2.5Nb poled
0.0
0.1
0.2
0.3
0.4
1
2
3
4
5
ta
nδ
 
 εr 
(x
10
3 ) 
 
 1kHz
 10kHz
 100kHz
(c) 2.5Nb unpoled
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Figure S3. Polarization and strain developed under bipolar electric fields of ±50 kV/cm at room 
temperature in representative compositions. (a) polarization vs. electric field curves and (b) strain 
vs. electric field curves for 2.0Nb, 2.5Nb, and 3.0Nb ceramics, respectively. (c) corresponding 
current density vs. electric field curve for the 2.5Nb ceramic. Error bars are of the order of the 
size of the symbols and not shown.  
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Figure S4. The electric field in-situ TEM technique. (a) schematic illustration of the specimen 
configuration for the electric field in-situ TEM experiment. The examined regions at the 
perforation are marked in red. (b) schematic illustration of the connection of the high-voltage 
power supply to the TEM specimen. (c) photograph of the tip of the electric field in-situ TEM 
specimen holder used in the present study. The Pt thin wires in (a) are connected to the two 
electrical contacts indicated by the dark arrows. 
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Figure S5. In situ TEM results on another grain of the BNT-2.5Nb ceramic along the [112] 
zone-axis. (a) and (b) the morphology of domains and the selected area electron diffraction 
pattern at the virgin state. (c) and (d) the morphology of domains and the selected area electron 
diffraction pattern at the peak field. (e) and (f) the morphology of domains and the selected area 
electron diffraction pattern after the field is removed. The positive direction of applied fields in 
the TEM experiment is indicated by the bright arrow in (c). Bright circles and short arrows in (b) 
represent the ½{ooo} and ½{ooe} superlattice diffraction spots, respectively.   
